The fruit-flies Drosophila paranaensis and Drosophila mercatorum pararepleta are sibling species belonging to the repleta group. Females of these two species are normally considered to be morphologically indistinguishable while males only differ consistently in the morphology of their genitalia. These species are sympatric throughout a large area of their geographic distribution. In this study, we investigated the degree of morphological divergence between D. paranaensis and D. mercatorum pararepleta based on morphometric analysis of their wings. The ellipse method was used to describe the placement of the longitudinal and transversal wing veins as well as the size of the wing and the shape of its outline. The heritability under laboratory and field conditions was also estimated from the parameters generated. Multivariate analysis showed that wing morphology possessed sufficient differences to discriminate between the two species with a successful classification rate of 95-98% for females and 82-87% for males. The results of the autoclassification were confirmed by a cross-validation test for females (92-96%). Most measurements possessed significant natural heritability (a mean of 0.48 for D. mercatorum and 0.88 for D. paranaensis), indicating that the variation observed was related to differences in genes acting additively. The principal difference between the two species was in the placement of the posterior transverse wing vein. However, the pattern of morphological variation in the wings of both species was similar, possibly because of shared restrictions in wing development pathways.
Introduction
The morphometric analysis of insect wings, principally in the Diptera, has been used to define relationships between closely related taxa (Brown and Shipp, 1978; Rohlf and Archie, 1984) . In Drosophila, wing morphology has been used extensively in taxonomic studies and has revealed marked interspecific divergence (Shorrocks, 1972) , with intraspecific variation in the wing size and shape also being frequently demonstrated (Hass and Tolley, 1998; Gilchrist et al, 2000; Hoffmann and Shirriffs, 2002) .
Despite their structural simplicity, fly wings are an excellent system for studying morphological variation, because the intersections of the wing veins provide many well-defined landmarks suitable for morphometrics (Klingenberg, 2002) . Wing shape has been used to assess the quantitative variation in natural populations of Drosophila (Pezzoli et al, 1997; Bitner-Mathé and Klaczko, 1999a; Gilchrist et al, 2000; Hoffmann and Shirriffs, 2002) with some studies suggesting a potential adaptive nature of this trait, based on responses to laboratory conditions or on clinal patterns in wing shape (Imasheva et al, 1995; Azevedo et al, 1998; Gilchrist et al, 2000; Gilchrist and Partridge, 2001; Hoffmann and Shirriffs, 2002) .
Two sibling species belonging to the repleta group of fruit-flies, Drosophila mercatorum and Drosophila paranaensis, have been described based on chromosome structure and reproductive isolation (Patterson and Wheeler, 1942; Barros, 1950) . The females of these species are normally considered to be morphologically indistinguishable and the males are distinguishable only by their genitalia (Vilela, 1983) . D. mercatorum is divided into subspecies D. mercatorum mercatorum and D. mercatorum pararepleta, the latter having a range limited to the eastern side of the Andes (Carson, 1965; Sene, 1986) whereas D. paranaensis is distributed from Mexico to Argentina. These two species are sympatric throughout a large part of their range (Vilela, 1983) . Whereas the other species of the repleta group are associated with cacti, D. mercatorum pararepleta and D. paranaensis are generalists that occur in diverse environments Vilela et al, 1983) .
The aim of this study was evaluate the degree of divergence in wing shape between D. mercatorum pararepleta and D. paranaensis based on a morphometric analysis of the wings of two sympatric populations of these species. The heritability under laboratory and field conditions from the parameters generated was also estimated. The wing shape variation was quantified by superimposing an ellipse on the wing. Multivariate analysis was used to obtain the pattern of variation in each population and to discriminate between these cryptic species.
Materials and methods
Flies D. mercatorum and D. paranaensis were collected in December 2000 using banana and orange baits in the Pé-de-Gigante reserve between 21137 0 30 00 S and 47137 0 30 00 W, in the State of São Paulo, Brazil. Females were placed in shell vials with fresh culture medium and maintained for 3 days at 251C to establish isofemale lines. On average, the samples consisted of four F 1 females from each isofemale line. Males were identified by the external morphology of their genitalia. Since females were considered morphologically identical, they were indirectly identified by the morphology of the genitalia of their F 1 male offspring. The total sample consisted of six groups, that is, three from each species. The D. mercatorum sample consisted of 45 field-caught males, 49 field-caught females and 189 F 1 lab females (three to four daughters from each isofemale line) while the D. paranaensis sample was made up of 44 field-caught males, 49 field-caught females and 198 lab females (four to five daughters from each isofemale line).
Wing measurements
Morphometric analysis of the wings used 17 parameters provided by the ellipse method developed by Klaczko and Bitner-Mathé (1990) . A complete description of this method is given by Bitner-Mathé and Klaczko (1999b) . In brief, this method finds the best fit of an ellipse around the wing and produces parameters based on the geometric properties of this ellipse. A measure of wing size (W SI ) can be obtained from the geometric mean of two radii (a and b) of the ellipse (W SI ¼ Oab). The ratio b/a is a measure of an ellipse outline shape (W SH ) independent of size. The method also uses the extremities of both transversal and longitudinal veins of the wing to establish the placement of 10 landmarks (A-J) defined by the angle (y) between a line joining the landmark to the center of the ellipse and the line that defines the longest radius (a) of the ellipse. The position of the internal landmarks (F-J) also takes into account the distance (D) of the landmark from the center of the ellipse. These five landmarks in the interior of the wing, including the extremities of the transversal veins, were adjusted for size using the relationship D/W SI . Thus, the parameters D F -D J became dimensionless descriptors of the internal landmark placements.
The right wing of each fly was mounted on a microscope slide and photographed using a video camera attached to a stereo microscope at Â 16 magnification. Cartesian coordinates of 30 points along the margin of each wing and of the 10 landmarks were obtained using the TpsDig software (version 1.26, Rohlf, 1998) . These data were entered into the ASALK program (Bitner-Mathé and Klaczko, 1999b) , which calculates the radii of the ellipses, the angles y and the distance D. The repeatability of the 17 wing parameters was calculated on a subsample of D. mercatorum (three measurements on 90 individuals) using the equation provided in Falconer and Mackay (1996) . The average repeatability for the 17 wing parameters was 96%70.5%, but when the correction recommended by Lessells and Boag (1987) was applied, the average repeatability was 90%71%.
Heritability estimates
For each species, field-caught females and lab females were used to estimate cross-environment and laboratory heritabilities. Natural heritability should ideally be obtained from relatives in the wild, an impractical approach in Drosophila. In an appendix to Coyne and Beecham (1987) , Lande showed that an alternative method for determining 'natural' heritability was to obtain cross-environment estimates by regressing the trait values of lab-reared offspring on their field-caught parents. However, this approach is only reliable when the estimated additive genetic variance is similar in different environments and when there is no genotypeenvironment interaction. Riska et al (1989) extended Lande's approach and showed how a lower bound of heritability could be estimated in the wild, even when Lande's condition is not met. This approach also allows the identification of possible sources of bias in estimates of natural heritability.
The cross-environment heritability, representing the natural heritability, was estimated using parent-offspring regression (b OP ) between field-caught females and the mean values for their lab female daughters. This heritability estimate was obtained by doubling the regression coefficient (ie 2b (Ol.Pn) ) because only one parent was used in the analysis. Differences in the additive genetic variance between field and laboratory or genotype-environment interaction can bias the estimate of cross-environment heritability in either direction (Lande in Coyne and Beecham, 1987) , thereby resulting in differences between this heritability and laboratory heritability estimates. A second heritability in the wild (h V 2 ), assuming no genotype-environment interaction, was estimated as the ratio of the additive genetic variance in the laboratory to the phenotypic variance in the wild (Riska et al, 1989) . The h V 2 values were used to identify possible bias in the cross-environment heritability estimates by calculating the h V 2 /h 2 (OlPn) ratio (k). Heritability in the laboratory was estimated using fullsib intraclass correlation based on the partition of the variance of the lab females for the between and within isofemale line components. The heritability estimate was obtained by doubling the correlation coefficient (Falconer and Mackay, 1996) . The cross-environment heritability represented narrow-sense heritability (V A /V P ), while the laboratory heritability was inflated by variance due to dominance, and by common environment
The statistical probabilities for the heritability estimates were adjusted using the sequential Bonferroni correction (Holm, 1979) .
Multivariate statistical analysis
Since all of the variables followed a normal distribution, multivariate analysis was carried out using the original values. Differences between sexes, environments and species were tested using one-way MANOVA. The significant univariate F values were used to identify the wing parameters in the model that contributed most to the difference between groups. Principal component analysis (PCA), using a correlation matrix, was performed separately on the values obtained for the field-caught females and field-caught males of D. mercatorum and D. paranaensis in order to identify the correlation pattern between the measures and assess how this behaved for each species. Only principal components with an eigenvalue greater than 1.00 were used in the analysis. To verify the degree of separation between D. mercatorum and D. paranaensis, discriminate multivariate analysis (DA) of the wing parameters was performed separately on field-caught females, fieldcaught males and lab females. A classification function generated for each group was used to obtain a matrix of the percent of correctly classified individuals in each species. Furthermore, the efficiency of the classification functions generated for D. mercatorum and D. paranaensis was verified using a cross-validation test, in which the classification functions derived from field-caught females were used to classify lab females and vice versa.
Results

Descriptive statistics
The mean values and phenotypic variances for the wing traits analyzed in field-caught females, field-caught males and lab females of D. mercatorum and D. paranaensis are shown in Table 1 . As the environmental conditions for the lab females in laboratory culture were very similar, the phenotypic variance of this group was expected to be less than that of their mothers reared in the field. This was indeed the case for most of the D. mercatorum parameters (11/17), but was true for only a few of the D. paranaensis parameters (5/17). For both species, the W SH parameter showed more variation in field-caught flies than in their laboratory counterparts. Variation in wing size, as measured by the parameter W SI , was greater in the field only for D. mercatorum.
Multivariate analysis of variance
One-way MANOVA of wing parameters showed significant differences between sexes, environments and species, and the univariate F values showed which parameters contributed most to the differences between groups (Table 2) . For both species, wing size (W SI ) was the most important parameter for the difference between sexes, whereas the parameters y G and y H were the most important for differences between environments in D. mercatorum and D. paranaensis, respectively. The parameters D I , y H , W SI and D H contributed most to the differences between D. mercatorum and D. paranaensis in the groups field-caught females and lab females. For the field-caught males, the parameters D I , D H , D F and y I contributed most to the differences between species. In the three groups of flies, the parameter D I , which represented the position of the transversal wing vein, was the most important for species differences.
Heritability Most of the parameters extracted from the wings by the ellipse method had high heritability, indicating a substantial additive genetic component in the phenotypic variance (Table 3) . The cross-environment and lab heritabilities were high and significant for both species for parameters that described the position of the transversal wing veins. D. mercatorum showed high cross-environment and lab heritabilities for the wing outline shape (W SH ) and significant cross-environment heritability only for the parameters that described the position of longitudinal wing veins (y A , y B , y D and y J ) . In D. paranaensis, wing shape (W SH ) showed no significant cross-environment heritability. The heritability of wing size (W SI ) for D. paranaensis and D. mercatorum was high and significant only in the laboratory. Most of the parameters in D. mercatorum showed greater crossenvironment heritability than laboratory heritability, whereas in D. paranaensis the situation was the opposite. Bias from genotype-environment interactions or dissimilar additive genetic variance between both environments could account for these differences.
Another contrast between D. mercatorum and D. paranaensis concerned the k ratio. In D. mercatorum, k for most parameters was less than one, whereas in D. paranaensis the opposite was true. A value of ko1 indicated that additive genetic variance was greater in the wild than in the laboratory. Thus, for parameters with ko1, h V 2 was interpreted as the lower bound for natural heritability, with h 2 (OlPn) being underestimated (Riska et al, 1989) . In contrast, for parameters with k41, no conclusion could be drawn about the relative magnitudes of the genetic variances in the two environments. The parameters D G and D J in D. mercatorum and the parameters y B , y D and D I in D. paranaensis had a k ratio close to one, which suggested similar additive genetic variance in the two environments and no genotype-environment interaction.
Principal components analysis
For D. mercatorum, PCA showed that the variation in the 17 wing parameters could be summarized into four principal components, PC1, PC2, PC3 and PC4, which accounted for 46, 25, 7 and 6%, respectively, of the total normalized variance of the parameters. In D. paranaensis, the total variance could be summarized into three principal components, PC1, PC2 and PC3, which respectively accounted for 39, 29 and 8% of the total normalized variance. Table 4 shows the loading values obtained by PCA for each species. These values represent the correlation coefficients for each parameter with each principal component and, indirectly, the correlation between parameters (Bitner-Mathé and Klaczko, 1999b) . The principal component loading values of the morphometric parameters were positive and negative, indicating that these PCs represent wing shape functions in a general sense (Bookstein et al, 1985) . Even though the total variation in the wings of D. mercatorum was summarized in a greater number of principal components than was the case for D. paranaensis, the two species showed the same general pattern of variation. The reversed signs between the loading values of D. mercatorum and D. paranaensis resulted from a technical The model column shows the four wing parameters that contributed most to the difference between groups. Significant at the 5% level after sequential Bonferroni correction (Holm, 1979) . NS, not significant. artifact since the rotation of the PCs is arbitrary. In both species, PC1 was correlated with the wing size parameter W SI , PC2 showed that the variation in the parameters y A , y B , y C , y D and y E (related to the extremities of the longitudinal wing veins at the wing edge) were correlated, and PC3 was correlated with W SH , the parameter for wing outline. One component, PC4, occurred only in D. mercatorum where it correlated with the parameter D I . Since the square of the loading values represents the fraction of the total variance explained by the principal component, the value of PC4 suggested that in D. mercatorum most of the variation in D I (0.42 ¼ 0.647 2 ) was not correlated with the other parameters. Table 5 shows the percentages of successful autoclassification generated by discriminant analysis. The results were high and similar (95-98%) for field-caught and lab females, but were lower for field-caught males. The cross-validation test, which was based on the classification functions derived from field-caught and lab females, confirmed the results of the autoclassification. Figure 1 shows the distribution of the discriminant function scores for the three groups, with only one discriminate function (number of species-1) being obtained in each analysis. Separation between species was almost complete for the field-caught females and lab females, whereas for field-caught males the overlap was much larger, thus confirming the results of the autoclassification. Figure 2 shows the separation between D. mercatorum and D. paranaensis based on the pairs of parameters with the most weight in the differences for each group. These plots highlight the differences between the two species for the parameters related to the posterior transversal wing vein. The average ellipses of each group of D. mercatorum and D. paranaensis were extracted and superimposed as shown in Figure 3 . This diagram emphasizes shape divergence since the difference in the placement of the posterior transversal vein (represented by landmarks H and I) was rather larger than the difference in size.
Discriminant analysis
Discussion
The results of this study show that it is possible to almost completely separate the females of the sibling species D. mercatorum and D. paranaensis using morphometric analysis of their wings. The morphological divergence between D. mercatorum and D. paranaensis was attributable mainly to the position of the posterior transversal vein. In D. paranaensis, the posterior transversal wing vein was nearer the wing border while in D. mercatorum it was nearer the centre of the wing (Figure 3 ). Wing size (W SI ) was also important in the morphological divergence, as females of D. paranaensis had larger wings.
We observed high cross-environment and laboratory heritability values (average B60%) for the wing parameters in both species. In Drosophila, morphological traits have the highest heritability values compared to other trait categories such as life history, probably because the former are less concerned with fitness (Roff and The sample size is shown in parentheses. Cross-validation of the autoclassification was carried out using the classification function derived from field-caught females to classify lab females and vice versa.
Mousseau, 1987). Hoffman and Shirriffs (2002) obtained heritability estimates for wing shape in D. serrata, measured as a ratio of wing length to the square root of wing area and referred to as wing aspect, of 0.62 for laboratory-reared flies. Gilchrist and Partridge (2001) also found high heritability estimates for wing shape in laboratory-reared D. melanogaster (40.60). Bitner-Mathé and Klaczko (1999c) , in a study of wing shape variation in a natural population of D. mediopunctata using the ellipse method, obtained a heritability estimate for ellipse outline shape (W SH ) of 0.62, whereas the heritability estimates for angles related to longitudinal veins (ys) were 0.22-0.56. These heritability estimates for shape in Drosophila, as well as our estimates, are at the upper end of the range obtained for morphological traits in Drosophila (Roff and Mousseau, 1987) . Weber et al (1999; studied the polygenes in chromosomes 2 and 3 that affect wing shape in D. melanogaster and found most of the effect on genetic variance was due to additive gene action. The high incidence of natural heritability in the wing parameters studied here suggests that a large fraction of the morphological divergence seen between D. mercatorum and D. paranaensis is due to additive effects of genes. The occurrence of clinal variation in wing shape with latitude in Drosophila species has suggested the potential adaptive nature of this trait (Azevedo et al, 1998; Gilchrist et al, 2000; Gilchrist and Partridge, 2001; Hoffmann and Shirriffs, 2002) . Gilchrist and Partridge (2001) , who studied the genetic architecture of wing shape in a naturally occurring wing size cline in Australian populations of D. melanogaster, found a predominantly additive component accounting for variation. These authors suggested an evolutionary history of optimizing selection for wing shape, with the variation simply representing drift around an optimum. However, the generally high heritability estimates observed in wing shape contrast with current directional or stabilizing selection pressures since classic theory predicts that traits associated with fitness will have low heritabilities because of the erosion of additive genetic variation (Falconer and Mackay, 1996) . The wing shape divergence in D. mercatorum and D. paranaensis could have resulted from past selective forces with different directions acting on genes related to this characteristic in each species, or could be correlated with the response to selection in another trait. However, more direct analyses, such as fitness experiments in controlled conditions and/or QTL analysis, are needed to clarify the causes of wing shape divergence. Although there was enough morphological divergence to separate D. mercatorum and D. paranaensis, PCA demonstrated that the pattern of morphological variation in the wings of these two species was similar, possibly because of shared restrictions in wing development pathways inherited from a common ancestor. However, this similar pattern between species was not observed in the relative magnitude of the additive genetic variance in the laboratory and field. In D. paranaensis, most of the parameters showed greater heritability in the laboratory than in the cross-environment estimates and the k ratios were greater than one, whereas in D. mercatorum the results were the opposite. This finding suggests that the greater laboratory heritability in D. paranaensis was biased due to genotype-environment conditions, and that the viability of lab reared D. mercatorum was diminished, since the additive genetic variance in the field was greater than in the laboratory.
The ellipse method consistently discriminated between D. mercatorum and D. paranaensis females based on traits with high heritability and helped to explain the morphological divergence between these two sibling species. The information on morphological divergence and the heritability values presented in this paper should be useful for studying the genetic architecture of the morphological differences between D. mercatorum and D. paranaensis.
